We study photoluminescence and triplet-triplet exciton annihilation in a neat film of a fac-tris͑2-phenylpyridyl͒iridium͑III͒ ͓Ir͑ppy͒ 3 ͔-cored dendrimer and in its blend with a 4 , 4Ј-bis͑N-carbazolyl͒biphenyl host for the temperature range of 77-300 K. The nearest neighbor hopping rate of triplet excitons is found to increase by a factor of 2 with temperature between 150 and 300 K and is temperature independent at lower temperature. The intermolecular quenching rate follows the Arrhenius law with an activation energy of 7 meV, which can be explained by stronger dipole-dipole interactions with the donor molecule in the higher triplet substate. The results indicate that energy disorder has no significant effect on triplet transport and quenching in these materials.
I. INTRODUCTION
Organic light emitting diodes ͑OLEDs͒ are one of the most promising candidates for low-cost full-color flat panel displays. In particular, electroluminescent devices based on phosphorescent organic molecules have received considerable attention due to their ability of generating light from both singlet and triplet excitons which can lead to remarkably high efficiencies. [1] [2] [3] [4] Maximum internal quantum efficiencies approaching 100% have been demonstrated in OLEDs using phosphorescent organometallic complexes based on iridium͑III͒. 5, 6 An external electroluminescence quantum efficiency ͑EQE͒ of 19% has already been reported in devices using a green emitting cyclometalated iridium͑III͒ complex. [6] [7] [8] [9] These phosphorescent materials are also very attractive for displays because of their excellent color tunability. Blue and red OLEDs based on iridium͑III͒ complexes have shown EQE up to 14.4% and 13%, respectively. 10, 7 Triplet exciton diffusion is an important process in the operation of phosphorescent OLEDs and can lead to luminescence quenching by exciton-exciton annihilation 11 and traps. 12 Triplet exciton migration between phosphorescent molecules including iridium͑III͒ complexes is controlled by a Dexter-type electron exchange mechanism. 13, 14 The transport of triplet excitons has been reported as a function of temperature in several organic glasses 15 as well as in poly͑fluorene͒ derivatives 16 and this thermally activated process was described in the framework of the disorder model. In contrast, temperature-independent triplet diffusion was recently reported in a ladder-type conjugated polymer. 17 The decrease of phosphorescence lifetime with an increase of the concentration of phosphorescent chromophores ͑concentra-tion quenching͒ has also been observed in iridium͑III͒ complexes 12 and is governed by Förster-type dipole-dipole interactions. 18 The effect of temperature on both the exciton diffusion and intermolecular quenching in iridium͑III͒ complexes has not been reported and could give further insight into these processes.
In this study, we have investigated the temperature dependence of the phosphorescence quenching and the triplettriplet exciton annihilation rate in a neat film of a first generation Ir͑ppy͒ 3 -cored dendrimer ͑IrG1͒ with phenylenebased dendrons and 2-ethylhexyloxy surface groups and as a 20 wt % film blended with 4 , 4Ј-bis͑N-carbazolyl͒biphenyl ͑CBP͒. Such solution processable phosphorescent dendrimers have been successfully employed in OLEDs with external quantum efficiencies as high as 16%. 19, 20 We have found a weak dependence of the triplet exciton diffusion on temperature, which suggests a narrow distribution of triplet energies. The intermolecular quenching rate appears to follow the Arrhenius law with an activation energy of 7 Ϯ 1 meV. This value is similar to the energy gap of 9 meV between the lower and higher emissive triplet substates in fac-tris͑2-phenylpyridyl͒iridium͑III͒ ͓Ir͑ppy͒ 3 ͔ previously determined by time resolved photoluminescence ͑PL͒ studies 21 and suggests that dipole-dipole interactions, which control concentration quenching in these materials, are stronger when the molecule is in the higher triplet substate.
II. EXPERIMENT
The chemical structures of the molecules considered in this study are given in the inset of Fig. 1 . Thin films of IrG1 and blends of IrG1:CBP ͑20 wt % ͒ were deposited onto quartz substrates by spin coating from chloroform solution ͑20 mg/ ml͒ at a spin speed of 1000 rpm for 60 s. The solutions of the dendrimer samples were prepared immediately before processing. The films were then placed into a cryostat ͑Oxford Instruments, Optistat DN͒ in order to control the temperature from 77 to 300 K. Their absorption spectra were recorded on a Cary Varian 300 absorption spectrophotometer and their steady state PL spectra were measured with a Jobin Yvon Fluoromax 2 fluorimeter. Photoluminescence transient decays were measured by time-correlated single-photon counting. Excitation was obtained from the third harmonic of a Nd doped yttrium aluminum garnet laser at 355 nm at a repetition rate of 10 kHz. The excitation spot size corresponding to the full width at half maximum was measured with a beam profiler to be 0.45 mm. The detection wavelength was set at the maximum of the PL spectra. Excitation intensity was varied with neutral density filters. Figure 1 shows the absorption and phosphorescence spectra in IrG1 and IrG1:CBP ͑20 wt % ͒ films measured at 77 K and at room temperature. The stated blend ratio ͑20 wt % in this case͒ refers to the proportion of IrG1 in the blend, and we use this notation throughout the paper. Absorption in the neat film between 330 and 500 nm is associated with the "metal-to-ligand charge transfer" ͑MLCT͒ transitions 22 although it should be noted that these are not pure MLCT transitions. 23 The intense absorption band below 320 nm is due to the -* transitions of the ligand and the biphenyl units in the dendrons. The small overlap between the absorption and PL spectra in IrG1 neat films leads to a Förster radius of around 2 nm.
III. RESULTS AND DISCUSSION
14 In the framework of the Förster energy transfer model, it has been demonstrated earlier that, despite this small but finite value of the Förster radius, dipole-dipole interactions govern the intermolecular concentration quenching in iridium complexes. 12, 24 In the blend, the two peaks observed at 330 and 344 nm are characteristic of the carbazole units of the CBP. The absorption spectra are found to not change significantly with temperature but the PL spectra broaden with increasing temperature, which indicates a wider distribution of triplet energies sampled by the triplet excitons. CBP at 77 and 300 K. At low excitation densities ͑N 0 Ͻ 2 ϫ 10 17 cm −3 ͒, the PL decays do not depend on the excitation density and can be fitted by a single exponential decay function with a characteristic lifetime . Figure 3͑a͒ shows the temperature dependence of and the integrated phosphorescence intensity measured in both the neat film of IrG1 and in the blend with CBP. While the phosphorescence intensity does not vary with temperature, the PL lifetime increases with decreasing temperature, this effect being more pronounced in neat film. This behavior is consistent with temperature-resolved phosphorescence measurements previously reported in Ir͑ppy͒ 3 blends. These unusual phosphorescence characteristics are related to the presence of three triplet substates of the metal-to-ligand charge transfer ͑ 3 MLCT͒ transition in Ir͑ppy͒ 3 .
25-28 Such a zero-field splitting of the lowest triplet state is a direct consequence of the strong spinorbit coupling in iridium͑III͒ complexes. Finkenzeller and Yersin have performed PL measurements in dilute frozen Ir͑ppy͒ 3 solution between 4 and 145 K where the changes in the measured phosphorescence lifetime are due to variations in the radiative rate constant and they have determined using a thermal equilibrium model the energy separations between these three substate levels and their radiative lifetimes. 21 The decay rates of each substate are independent of temperature but their relative populations do depend on temperature resulting in a temperature dependence of the measured radiative and phosphorescence lifetimes. Since the addition of dendrons in IrG1 does not modify significantly the luminescence properties of the individual Ir͑ppy͒ 3 chromophore 22 instead reduces the concentration quenching in the solid state, the dendritic structure is not expected to modify the splitting and the radiative lifetimes of the three substate levels measured in Ir͑ppy͒ 3 .
In previous work, we found using an integrating sphere 29 that the photoluminescence quantum yields ͑PLQYs͒ of an IrG1 neat film and the blend IrG1:CBP ͑20 wt % ͒ at room temperature were 65% and 80%, respectively. 30 From these PLQY values, the temperature dependence of the integrated phosphorescence intensities, and the PL lifetimes, we could determine the temperature dependence of the radiative and nonradiative decay rates, noted k R and k NR , respectively, in both the neat film and the blend using PLQY= k R / ͑k R + k NR ͒ and 1 / = k R + k NR . We verified that the radiative decay rates in the neat film and in the blend were the same ͑within the 5% error in the measurements͒. As depicted in Fig. 3͑b͒ , k R increases with temperature from 77 to 200 K and is constant from 200 to 300 K. This result is consistent with the temperature dependence of the phosphorescence lifetime previously reported in Ir͑ppy͒ 3 blends. [25] [26] [27] [28] Triplets are split into substates where the highest energy substate has the highest k R . The higher triplet substates are thermally populated when increasing the temperature and increase the radiative and phosphorescence decay rates. From our results, we can see that, above 200 K, the emission is strongly dominated by the higher triplet substate with the higher radiative decay rate. In addition, we note that the radiative lifetime of this higher substate agrees well with the value of 0.75 s calculated by Finkenzeller and Yersin in Ir͑ppy͒ 3 solution. 21 Below 200 K, the increase of k R with temperature is due to a contribution of the lower triplet substates.
The temperature dependence of k NR strongly differs in the neat film and in the blend. In the blend, k NR does not change with temperature and presents a value of about 1.5 ϫ 10 5 s −1 . We assign this value as the nonradiative deactivation rate of isolated IrG1 in the solid state. This is supported by the PLQY value of 80% measured in a degassed IrG1 solution 22 and in a blend IrG1:CBP ͑10 wt % ͒. In the IrG1 neat film, k NR is factors of 2 and 3 higher at 77 and 300 K, respectively, than in the blend, which can be explained by concentration quenching. The rate of concentration quenching k q in the neat IrG1 film due to intermolecular interactions can be defined as k q = k NR ͑neat film͒ −k NR ͑blend͒, where k NR ͑neat film͒ and k NR ͑blend͒ are the k NR values measured in the IrG1 neat film and the blend of IrG1 with CBP, respectively. As shown in Fig. 4 , k q decreases from 3.5ϫ 10 5 s −1 at 300 K to 1.6ϫ 10 5 s −1 at 77 K. These low values are due to the recent improvement in the film preparation procedure which enables the optimization of the PL efficiency by decreasing the quencher concentration. 30 The temperature dependence of k q can be described by the Arrhenius law: k ϰ exp͑−E a / kT͒, where E a is the activation energy, k is the Boltzmann constant, and T is the temperature. The best fits were obtained with E a =7Ϯ 1 meV. Such an Arrhenius-like temperature dependence shows that the Förster-type dipoledipole interactions, which control phosphorescence quenching in iridium͑III͒-cored dendrimers, are thermally activated. . 3 . ͑a͒ Temperature dependence of the PL lifetime ͑squares͒ and the integrated phosphorescence intensity ͑triangles͒ in a neat film of IrG1 ͑open symbols͒ and IrG1:CBP ͑20 wt % ͒ blended film ͑solid symbols͒. The phosphorescence intensities were obtained from the PL spectra integrated over all wavelengths. ͑b͒ Temperature dependence of the radiative ͑squares͒ and nonradiative ͑tri-angles͒ decay rates in the neat film of IrG1 ͑open symbols͒ and IrG1:CBP ͑20 wt % ͒ blended film ͑solid symbols͒.
The measured E a value is very close to the energy gap of 9 meV ͑80 cm −1 ͒ between the lower and higher triplet substates determined in Ir͑ppy͒ 3 by temperature dependent PL studies. 21 The Förster-type interactions of a molecule in a higher triplet substate with a neighboring molecule is expected to be higher because of the higher radiative decay rate of the higher triplet substate. In that case, thermal population of the higher triplet substate would increase intermolecular quenching by Förster-type interactions.
At high excitation densities ͑N 0 Ͼ 2 ϫ 10 17 cm −3 ͒, the PL kinetics become faster due to triplet-triplet exciton annihilation ͑see Fig. 2͒ . 11, 14, 31 Annihilation of two triplet excitons leads in these phosphorescent materials to the formation of one singlet excited state which converts rapidly to the triplet state and one triplet is lost into heat. The density of triplet excitons N, which is directly proportional to the phosphorescence intensity, can be described by a rate equation,
where is the PL lifetime in absence of annihilation and ␥ is the annihilation rate. In the case of a time independent ␥, the density of triplet excitons is given by
where N 0 is the initial triplet population, which can be calculated from the excitation energy density. The solid lines in Fig. 2 correspond to the best fits obtained with this equation and the annihilation rates were found to halve when lowering temperature from 300 to 70 K ͑data not shown͒. We then calculated the nearest neighbor hopping rates of triplet excitons k h from the values of the annihilation rate. For diffusion limited annihilation in a three-dimensional case, which assumes that excitons can migrate in all directions and exciton diffusion is isotropic in the volume sampled by the excitons, ␥ =4DR a , where R a is the reaction radius at which annihilation is faster than hopping and can be taken as the centerto-center spacing R between phosphorescent emitters and D = R 2 k h / 3 is the exciton diffusion constant. The intermolecular spacing R was determined here assuming a film density of 1.1 g / cm 3 and by considering the molecules as hard spheres. The data shown in Fig. 4 were obtained in taking R = 1.83 nm for the IrG1 neat film and R = 3.13 nm for the IrG1:CBP ͑20 wt % ͒ blend assuming a uniform distribution of the dendrimers in the CBP. The hopping rate in the IrG1 neat film is 3 orders of magnitude higher than the quenching rate, which suggests extensive migration of the triplets before their radiative relaxation or capture by quenchers. The triplet diffusion is found to increase with temperature by a factor of 2 from 150 to 300 K and to be nearly temperature independent at lower temperatures. The higher radiative decay rate of the higher triplet substate leads to stronger dipoledipole interactions, which was suggested to control intermolecular quenching. It is plausible that the small changes observed in triplet diffusion are caused by stronger electron exchange interactions in the higher triplet substate. Another possible explanation is that the weak temperature dependence of the hopping rate is due to the energetic disorder of the hopping sites.
The narrow distribution of triplet energies suggests that triplet exciton diffusion in dendronized iridium͑III͒ complexes is nearly nondispersive in both the neat film and when blended with CBP. Markham et al. used the time of flight technique to measure the temperature and voltage dependence of the charge carrier mobility in a neat IrG1 film and found a dispersive hole transport below 293 K. 32 In addition, Matsusue et al. measured an activation energy of approximately 300 meV from the temperature dependence of the hole and electron drift mobilities in Ir͑ppy͒ 3 : CBP blends. 33 Although the Dexter-type exchange mechanism can be viewed as a simultaneous double electron transfer with a rate proportional to the electron and hole transfer rates, our results suggest that the dispersivity of the triplet diffusion in these phosphorescent materials strongly differs from that of charge transport.
IV. CONCLUSION
We have examined the influence of the temperature on the photophysical properties of an Ir͑ppy͒ 3 -cored dendrimer as a neat film and as a blended film. The temperature dependence of their phosphorescence decay rate supports the presence of emissive triplet substates previously identified in Ir͑ppy͒ 3 . The intermolecular quenching rate follows the Arrhenius law with an activation energy of 7 Ϯ 1 meV, which is comparable with the energy gap between the lower and higher triplet substates in the Ir͑ppy͒ 3 core. The triplet diffusion is found to be temperature independent between 77 and 150 K and slightly increases with temperature at higher temperatures. These results demonstrate that the thermal population of the higher substate level plays a critical role in these two independent processes and also suggest a narrow distribution of triplet energies in these materials. Finally, the comparison with data obtained in previous studies indicates that the dispersivities of charge transport and triplet exciton diffusion by the electron exchange mechanism are completely different. 
